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Abstract

Artificially creviced Alloy 22 (N06022) specimens may be
susceptible to crevice corrosion in presence of hot chloride
containing solutions. The presence of oxyanions in the
electrolyte, especially nitrate, may inhibit the nucleation
and growth of crevice corrosion. Constant potential tests
were performed using tightly creviced specimens of Alloy
22. It was found that crevice corrosion may initiate when a
constant potential above the crevice repassivation potential
is applied. It was found that as the crevice corrosion
nucleated, the current initially increased but later
decreased. The net measured current can be converted into
penetration following a power law fit of the experimental
data. The average power law coefficient “n” was found to
be 0.439, suggesting that even under constant applied
potential crevice corrosion penetration is diffusion
controlled.

Introduction

Alloy 22 was selected as the outer shell material of the high
level nuclear waste containers for the Yucca Mountain
repository [1,2]. Aqueous salt solution may enter in contact
with the containers during their emplacement time. These
solutions are predicted to be concentrated and contain,
among other species, chloride and nitrate. The solutions
may form either by deliquescence of salt or dust
accumulated during the dry periods or by dripping from the
emplacement walls [2].

Alloy 22 or N06022 is nickel-based (Ni) and contains by
weight 22% chromium (Cr), 13% molybdenum (Mo), 3%
tungsten (W) and approximately 3% iron (Fe) [3]. Alloy 22
is highly resistant to general corrosion and pitting corrosion
but may be susceptible to crevice corrosion under certain
laboratory testing conditions [4-12]. The susceptibility of
Alloy 22 to crevice corrosion depends strongly on the
composition of the electrolyte solution, temperature, and
applied potential. In general, the environment becomes
more aggressive with increases in chloride concentration,
temperature, and applied potential [12]. Chloride is a
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promoter of crevice corrosion while nitrate is an inhibitor
[12].

The aim of this paper is to show that even though crevice
corrosion may be initiated in Alloy 22, it does not
propagate at a constant penetration rate. Constant potential
tests were carried out in several concentrated electrolyte
solutions containing chloride and nitrate. These
experiments were originally undertaken to test the validity
of the use of the repassivation potential for use as a critical
potential for crevice corrosion initiation [9]. However, the
reported tests are also used in this paper to calculate stifling
rate parameters.

Review of Crevice Corrosion Initiation and Propagation

Austenitic alloys such as Alloy 22 (N06022) that rely on
the stability of a thin chromium oxide (Cr,O;) film for
protection against corrosion are prone to crevice corrosion,
a form of localized corrosion. Crevice corrosion occurs
within shielded or occluded regions on a metal surface and
requires the presence of a continuous liquid film connecting
the occluded region to the external bulk material. In the
Yucca Mountain emplacement, occluded regions could be
formed at the waste package pallet interfaces or under
mineral deposits on the waste package surface (contact
crevices). Within this region, a volume of stagnant liquid
must form in order for crevice corrosion to occur. The
crevice geometry must be wide enough to permit liquid
entry but narrow enough to maintain the stagnant layer. In
a natural setting, crevice corrosion initiation involves: 1)
local depletion of oxygen in the crevice; 2) spatial
separation of the anode, where electrons are produced (the
crevice), from the cathode, where electrons are consumed
(the bulk surface); 3) metal dissolution within the crevice;
and 4) hydrolysis of dissolved metal ions and the
accompanying acidification of the creviced region [13].
Metal ion hydrolysis also leads to a charge imbalance
within the crevice and migration of anions such a chloride
into the creviced region. The crevice grows by anodic
processes (metal dissolution) within the crevice balanced



by cathodic reduction on the bulk surfaces and, to a lesser
extent, by reduction of H" within the crevice [13].

A number of characteristics of crevice corrosion will tend
to deplete the limited supply of water available in the brine
formed by dust deliquescence. Hydrolysis of dissolved
metal ions (Equation 1) consumes water through reactions
of the form

M** +yH,0 - M(OH) " +yH" (1)

Reactions at the cathode also consume water. The cathode
and anode, although spatially separated, must have a
continuous solution path between them (the deliquescent
film or brine droplet) as well as a continuous electrical path
(the alloy itself). In order for growth to continue, the
solution must maintain contact with the crevice tip (the site
of metal ion dissolution). As the crevice grows, more
solution volume is required to fill the new volume of
crevice not occupied by corrosion products. As noted,
water in the solution is being consumed at the anode and
the cathode, so this water must be replaced by condensation
from the gas phase or additional seepage for the corrosion
process to continue.

Progress of crevice or localized corrosion requires
precipitation of solid phases in the cathodic region, which
for fine crevices (e.g., contact crevices) would then impede
the transport processes necessary for the corrosion cell to
function. The required transport includes transport of ionic
species and O, in the aqueous phase, and transport of H,O
and O, through the gas phase to reach the aqueous phase.
Any decrease of the cathodic area available to support the
dissolution reaction (e.g., from solid precipitates) would
lead to cathodic limitation of the crevice corrosion process.
Any blockage of the gas-phase pathway for replenishment
of reactants would similarly impede corrosion progress.
Above the critical crevice temperature, the effect of high
temperatures on the mechanism of crevice corrosion also
tends to impede the extent of crevice corrosion. At higher
temperatures, the diffusion rate of oxygen increases,
promoting homogenization of the oxygen concentration
profile, thereby decreasing the possibility of crevice
corrosion initiation and promoting more a general passive
corrosion. Similarly, increased temperatures enhance the
diffusion of all species in solution, thereby promoting
uniform solution conditions, and decreasing the stability of
crevice chemistry.

Power Law for Propagation of Localized Corrosion

For a number of alloy/exposure environment combinations,
the rate of localized corrosion penetration has been
observed to decrease with time [14-17]. A simple time-
dependent model used in the literature for this behavior is
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based on growth of hemispherical pits and yields a
penetration law of the form

k-t" )

where D is the depth of penetration, t is time, and k is a
growth constant. The growth constant depends on the
properties of the material, particularly its susceptibility to
anodic dissolution in the acidic environment prevailing at a
propagating site of localized corrosion. The time exponent,
n, would be about 0.5 for both diffusion-controlled (i.e.,
diffusion of metal ions out of the pit) and ohmically
controlled (i.e., rate determined by the ohmic potential drop
which develops in the electrolyte in the pit) pit growth
[15,18]. This growth law is followed in the pitting and
crevice corrosion of stainless steels [14,17] and was used in
a separate analysis of Alloy 22 by EPRI [19]. A key point
of this growth law is that the rate of penetration is
proportional to t"' meaning that the rate of penetration
decreases with increasing time, particularly over repository
time scales. This behavior is schematically illustrated in
Figure 1.
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Figure 1. Schematic Plot of Depth vs. Time for Power Law
Growth with Exponent Less than One

The literature data available for less corrosion-resistant
materials (e.g., iron, copper, Titanium Grade 2) [14, 20-23]
clearly show that a penetration growth law of the form of
Equation 2 is appropriate, and that a value of n = 0.5 is
justifiable. A key point with the materials discussed above
(e.g., iron, carbon steel, copper and Titanium Grade 2) is
that they are materials that would be expected to undergo
rapid propagation. Providing it is not stifled by the
accumulation of corrosion product deposits or slow
cathodic kinetics, propagation would be limited only by
diffusive or ohmic effects, leading to a value of n
approaching 0.5. By contrast, for highly corrosion-resistant
materials such as Alloy 22, which is designed to resist
localized corrosion, additional metallurgical features such



as the ability of molybdenum to decrease the pitting current
densities [16,24] could decrease n well below 0.5.
Molybdenum reduces the active dissolution rate within the
pit or crevice preventing the maintenance of the critical
chemistry necessary to sustain propagation, leading to
repassivation and a cessation of crevice growth. Kehler et
al. [4] showed that the depth of crevice penetration for
Alloy 22 in electrochemically driven studies (i.e., no
possibility of cathodic limitation) using extremely saline (5
M LiCl) solutions at 85°C was limited to less than 0.1 mm,
well below the 20 mm waste package outer barrier wall
thickness.

Experimental

Alloy 22 specimens were prepared from 1-inch thick plate.
There were several heats of material used in this research.
The chemical composition of the most used specimens of
Alloy 22 are given in Table 1. The specimens were prism
crevice assemblies (PCA), which were fabricated based on
the washer for crevice forming described in ASTM G 48
and G 78 [25] (Figure 2). The exposed surface area of the
PCA specimen was 14.06 cm?. The total area covered by
the crevice formers was approximately 1.5 cm?. All tested
specimens were given a 600 grit surface finish and were
degreased in acetone and treated ultrasonically for 5
minutes in de-ionized (DI) water 1 hour prior to testing.
Specimens were used in the as-welded (ASW) condition.

Figure 2. Creviced Alloy 22 Specimen (PCA)

The weld was produced with matching filler metal using
Gas Tungsten Arc Welding (GTAW). The welded
specimens were not all weld metal but contained a weld
seam, which varied in width from approximately 8 to
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15 mm. The weld seam extended across the two surfaces
of the specimen that were purposely creviced with the
multiple tooth washer (Figure 2).

Electrochemical tests were carried out in deaerated
solutions given in Table II. The pH of the solutions was
approximately 5 to 6. Nitrogen (N;) was purged through
the solution at a flow rate of 100cc/min for 24 hours while
the corrosion potential (E.,,) was monitored. Nitrogen
bubbling was continued throughout all the electrochemical
tests. The electrochemical tests were conducted in a one-
liter, three-electrode, borosilicate glass flask (ASTM G 5)
[25]. A water-cooled condenser combined with a water trap
was used to avoid evaporation of the solution and to
prevent the ingress of air (oxygen). The temperature of the
solution was controlled by immersing the cell in a
thermostatisized silicone oil bath. All the tests were carried
out at ambient pressure. The reference electrode was
saturated silver chloride (SSC) electrode, which at ambient
temperature has a potential of 199 mV more positive than
the standard hydrogen electrode (SHE). The reference
electrode was connected to the solution through a water-
jacketed Luggin probe so that the electrode was maintained
at near ambient temperature. The counter electrode was a
flag (36 cm?) of platinum foil spot-welded to a platinum
wire. All the potentials in this paper are reported in the
SSC scale.

Basically the test sequence for each specimen consisted of
three parts: (1) Ecorr evolution as a function of time for 24
hrs, (2) Polarization Resistance (ASTM G 59) three
measurements and (3) A constant potential (Table II) was
applied for nominally one week while the current was
monitored. More details of the specimens and testing
characteristics are found elsewhere [26]. After the tests, the
specimens were examined using both optical and scanning
electron microscopy.

Results

Figure 3 shows a plot of the current vs. time data for the
tests listed in Table II. After crevice corrosion initiates the
current increases to a maximum and then decreases to
passive levels with increasing exposure time indicating that
crevice corrosion has stifled. In most tests, the net current
eventually decreased to negative values indicating that the
cathodic current was higher than the anodic current and
suggesting that the cathodic reduction of protons and/or
nitrate inside the crevice was more important that the
dissolution of the metal. Table II shows that crevice
corrosion initiated in most of the specimens, but that the
amount of charge circulated in each specimen was different
depending on the electrolyte where the tests were
performed and the applied potential (Table II). For
example, for the same applied potential, electrolytes
solutions with a higher nitrate to chloride ratio develop



smaller crevice corrosion sites than electrolytes with a
lower nitrate to chloride ratio [26].
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Figure 3. Constant Potential Tests of Creviced Alloy 22
Specimens (PCA)

Figure 4 shows the typical appearance of the crevice
corrosion attack, which progressed under the serrated
crevice formers. The attack propagated both in the weld
seam and in the base metal. In Figure 4, the whiter regions
of the crevice formers at the 5, 6 and 7 o’clock positions
correspond to base metal. The upper (darker) regions
correspond to weld metal. The crevice corrosion attack is
crystallographic in the base metal and interdendritic in the
weld seam, suggesting the formation of hydrochloric acid
in the crevice during the attack [26].

In general, the data in Figure 3 are not suitable for detailed
quantitative analysis (i.e., unequivocal evaluation of
parameters for use in the power law) because:

1. There are 24 potential locations (24 crevices) where
crevice corrosion can initiate during the exposure time.
Each crevice may initiate crevice corrosion at different
times during the exposure (or not initiate crevice corrosion
during the exposure). If crevice corrosion initiated at one
location, then stifled just as another location initiated
crevice corrosion, quantitative interpretation of the data is
difficult. Data collected from a sample with only one
creviced region could alleviate this issue.

2. The general corrosion rate (which corresponds to the
passive current density) decreases with time. Therefore,
the passive current density value to which the curves
should decay after stifling decreases with time. Also, the
cathodic current density capable of being generated on a
more perfectly formed and less defective (i.e., older)
passive film would be less than that capable of being
generated on a more defective (i.e., younger) passive film.
Data from samples exposed to the environment for longer
periods of time before potential is applied could alleviate
this issue.
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Figure 4. Appearance of Specimen KE0164 after the test
Magnification X 20

Analysis of the Constant Potential Data

The data in Figure 3 was fit with a power law similar to
Equation 1 (with an extra A constant relative to the power
law), where D is the depth of penetration, t is time, k is a
growth constant, and A is a fitting constant. The primary
intent of this exercise is to estimate n, the time exponent,
which, as noted earlier, should be about 0.5 for both
diffusion-controlled (i.e., diffusion of metal ions out of the
pit) and ohmically controlled (i.e., rate determined by the
ohmic potential drop which develops in the electrolyte in
the pit) pit growth. While A does not have a physical
interpretation in this context (i.e., the depth at time zero
should be zero), its inclusion allows for better fitting of the
time exponent. The reader should again take note of the
reasons given above as to why the data are not suitable for
detailed quantitative analysis (i.e., unequivocal evaluation
of parameters for use in the power law).

The corrosion rate or dissolution rate of the alloy inside the
crevices, CR in mm/yr, can be calculated from the
corrosion current density, i, using Equation 3 (ASTM G
102) [25]

CR = Kl Lorr EW
P
where K; = 3.27 x 10-3 mm g/uA cm yr, EW is the
equivalent weight of Alloy 22 (23.28) [25] and p is the
density of Alloy 22 (8.69 g/cm?® for N06022). The current
density, i, was obtained by dividing the current by the area
of one creviced region (there were 24 creviced regions on
each sample with a total area of 1.50 cm? therefore the area
of one creviced region is about 0.0625 cm?). This
treatment is very conservative since it is likely that the

)



measured current resulted from more than one creviced
region (i.e., the actual corrosion rate was lower than is
being estimated here). Figure 4 shows that most if not all
creviced regions were attacked by crevice corrosion, that is,

considering that all the current originated in only one
creviced spot is highly conservative.

Table I. Chemical Composition of the Tested Alloy 22 Specimens

Element Ni Cr Mo W Fe Others
Nominal ASTM B 575 50-62 | 20-22.5 12.5- | 2.5-35 2-6 2.5C0-0.5Mn-0.35V
14.5 max.
PCA Specimen Number and
Heat
KE0101-0150 Base 59.56 20.38 13.82 2.64 2.85 0.16Mn-0.17V
Heat 059902LL2
KE0101-0150 Weld Wire 59.4 20.48 14.21 3.02 2.53 0.2Mn
Heat XX2048BG
KE0151-0239 Base 55.29 21.23 13.37 2.93 3.65 1.7C0-0.23Mn-
Heat 2277-0-3183 0.14V
KE0151-0239 Weld Wire 59.31 20.44 14.16 3.07 22 0.21Mn-0.15Cu
Heat XX1829BG

Table II. Summary of Data from Constant Potential Experiments

Specimen . o Applie_d Duration Crevic_;e -

Identity T (°C) Solution Composition | NO,/Cl | Potential (hour) Corrosion|Stifling? (Y/N)
(mV SSC) (Y/N)

KE0106 100 3.5m NaCl + 0.175m KNOs | 0.05 100 168" Y Y
KEO0108 100 3.5m NaCl + 0.175m KNO;| 0.05 100 168 Y Y
KE0104 100 3.5m NaCl + 0.525m KNO;| 0.15 100 168 Y Y
KE0166 100 3.5m NaCl + 0.525m KNOs | 0.15 100 194° Y Y
KEO0105 100 6m NaCl + 0.3m KNO; 0.05 100 168 Y Y
KE0164 100 6m NaCl + 0.3m KNO; 0.05 0 168 Y Y
KE0170 100 6m NaCl + 0.9m KNO; 0.15 0 194 Y Y
KE0103 100 6m NaCl + 0.9m KNO; 0.15 100 168 Y Y
KEO0165 100 6m NaCl + 0.9m KNO; 0.15 0 168 Y Y
KE0102 120 5M CaCl, + 0.5M (CaNO;),| ~0.1 100 168 Y Y
KE0109 155 18m CaCl, + 0.9m Ca(NOs),| 0.1 50 117¢ N (LC) Y

* Data for sample KE0106 up to 79 hours used. Subsequent current data had negative values.

® Data for sample KE0166 up to 119 hours used. Subsequent current data had negative values.

“Data for sample KE0109 up to 72 hours used. Subsequent current data had negative values

ILC = Localized Corrosion outside the Crevice Formers

The corrosion rates obtained using Equation 3 were
converted to mm/hr by dividing by 8,766 hrs/yr. The
corrosion rates were then integrated over time through a
simple sum of rectangles (sum over all time steps of length

of time step multiplied by corrosion rate) to get profiles of
depth, D, versus time, t. The length of each time step was
the same as the length of the time steps used to report the
measured current data. Plots of depth versus time for all
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specimens analyzed in this way are presented in Figure 5.
Even using this conservative treatment, no calculated
crevice depth exceeds 1.4 mm over the length of the
experiment.
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Figure 5. Calculated Depth of Crevice Corrosion Attack
during Constant Potential Tests

Fitting these depth versus time profiles to the power law
equation

D=A+kt" 4)

Equation 4 yields estimates for A, k, and n as shown in
Table III. The R? values obtained indicate that Equation 4
fits the data very well (R? is close to 1). The fitting
parameter, A, is always negative for this data set, indicating

that, if this fit were to be used to estimate crevice depths, it
would be conservative to ignore it. The growth constant, k,
varies from about 0.005 to 0.758 and averages about 0.2
mm/hr. The time exponent, n, varies from about 0.094 to
0.690 and averages about 0.439. There are several caveats
to direct application of these estimates, including: (1) As
mentioned earlier, there are 24 potential locations (24
crevices) where crevice corrosion can initiate during the
exposure time. Each crevice may initiate crevice corrosion
at different times during the exposure (or not initiate
crevice corrosion during the exposure). If crevice
corrosion initiated at one location, then stifled just as
another location initiated crevice corrosion, quantitative
interpretation of the data is difficult. Data collected from a
sample with only one creviced region could alleviate this
issue. (2) The rates calculated are based on all current
measured originating from just one of the creviced regions
or about 1/225th of the total sample area or 1/24th of the
total creviced area. (3) The general corrosion rate (which
corresponds to the passive current density) decreases with
time. Therefore, the passive current density value to which
the curves should decay after stifling decreases with time.
Also, the cathodic current density capable of being
generated on a more perfectly formed and less defective
(i.e., older) passive film would be less than that capable of
being generated on a more defective (i.e., younger) passive
film. Data from samples exposed to the environment for
longer periods of time before potential is applied could
address this issue.

Table III. Summary of Power Law Fitting

Specimen mV SSC A k n R2
Applied mm mm/hr"
KE0106 100 -0.432 0.309 0.385 0.973
KE0108 100 -0.983 0.758 0.231 0.967
KE0104 100 -0.173 0.083 0.428 0.975
KE0166 100 -0.760 0.718 0.094 0911
KE0105 100 -0.261 0.168 0.285 0.942
KEO0164 0 -0.181 0.061 0.588 0.981
KEO0170 -150 -0.016 0.005 0.597 0.978
KE0103 100 -0.030 0.013 0.690 0.999
KEO0165 0 -0.013 0.006 0.663 0.997
KE0102 100 -0.048 0.027 0.523 0.998
KE0109 100 -0.068 0.051 0.343 0.948
Averages -0.270 0.200 0.439 0.970
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(4) The results are highly conservative because corrosion
is forced through use of a constant potential via a
potentiostat. There is no cathodic limitation in these tests
because the forcing potential overwhelms ohmic and mass
transport limitations. In the repository environment, the
reaction will be cathode-limited, which would likely
enhance the stifling effect. Also, in the current tests the
amount of solution to dissolve away any corrosion
product was unlimited when in the actual repository the
amount of water will be limited.

Because of these caveats, especially the final one, these
rates are not applicable to the repository environment.
Rather the data here serve to illustrate that stifling does
occur, and that it significantly inhibits penetration of
Alloy 22. With no stifling (n = 1), the value of k
represents the initial corrosion rate, averaging 0.2 mm/hr.
This would result in penetration in 100 hours. However,
because of stifling, penetration slows markedly (n =
0.439) and the mean predicted penetration time is 4 years.

Conclusions

e Crevice corrosion can be initiated in artificially
creviced specimens of Alloy 22 if a constant potential
is applied between the repassivation potential and the
breakdown potential

e The output net current as a function of time has three
characteristic domains, (1) initiation, (2) crevice
corrosion nucleation and growth and (3) crevice
corrosion stifling or repassivation

e In all the tested conditions, crevice corrosion
developed for a limited time before it died due to
repassivation of the corroded area

e The current vs. time profile that measures the charge
or dissolution of the specimen in the corroded area
can be explained using a power relationship between
the output current and the testing time

e The average exponent “n” of the power law is 0.439
suggesting a continuous slowing down of the
penetration due to a typical diffusion controlled
mechanism

o Electrolytes solutions with a higher nitrate to chloride
ratio develop smaller crevice corrosion sites than
electrolytes with a lower nitrate to chloride ratio
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